Stability of ion implanted single-walled carbon nanotubes: Thermogravimetric and Raman analysis
Since their discovery, carbon nanotubes ͑CNTs͒ have been predicted to be the most reliable components of the next generation electronics due to their extraordinary electrical properties.
1 Moreover, thermal stability and temperaturedependence behaviors are very important for such CNTbased devices. 2, 3 In this case, resonance Raman scattering should be a very effective and nondestructive tool for detecting nanotube's properties. Specially, the temperaturedependent Raman spectra in CNTs can allow us to understand their fine structure information and properties, such as atomic bond structure, thermal expansion, specific heat, and thermal conductivity. [4] [5] [6] [7] [8] [9] A temperature variations of the Raman spectra in multi-walled CNTs ͑MWCNTs͒ was investigated by Huang et al. 4 It was found that the frequency decreases with increasing temperature for the tangential stretching G-mode ͑GM͒, D-band, and D * -mode peaks. Compared to MWCNTs, the temperature coefficient of the GM in single-walled carbon nanotubes ͑SWCNTs͒ was much larger. 5 Raravikar et al. reported that the temperature induced softening of the intra-and intertubular bonds contributed significantly to the temperature shift of frequency in the radial breathing mode ͑RBM͒. 6 On the other hand, as one surprising superstructure, many theoretical reports have predicted that nanotubes with an annular geometry should become a promising material for realization of nanoelectronics. [10] [11] [12] However, until now, due to the challenge in their preparation, few works have been reported concerning the thermal properties in such nanotube rings.
Recently, we have selectively synthesized SWCNT rings with high yield. 13, 14 In this letter, we further report a study of the temperature-dependent Raman spectra of these SWCNT rings. It is found that the frequency decreases with increasing temperature for all peaks of the nanotube ring's Raman-active modes. Meanwhile, the variable temperature Raman spectra of linear SWCNTs is also comparatively investigated. Note that compared to the linear nanotubes the temperature coefficient of the RBM and GM frequencies in the nanotube rings are much smaller, which means the nanotube rings have better thermal stability. We suggest that the high bending strain energy along the ring curvature releases the temperature induced softening behavior of the CNT rings.
The detail measurements are described in our supporting information. 15 Figure 1 shows the variations of the Raman spectra of the SWCNT rings at different temperatures. At low frequency region, the Raman shifts of four RBM peaks with temperature were shown in Fig. 1͑a͒ , as well as the peak came from the silicon substrate ͑marked by asterisks in a͒ Authors to whom correspondence should be addressed. spectrum, the detail is shown in the supporting information͒. At high frequency region, three GM peaks were considered for the next analysis ͑the peak separations using multiLorentzian lines͒, as shown in Fig. 1͑b͒ . It is easy to find that the frequencies of all the Raman peaks of the nanotube rings, including RBM and GM, downshift simultaneously with increasing temperature, which is consistent with the previous reports about SWCNTs. 6, 7 The intensity of the Raman peaks decline a little with the temperature increasing. Figure 1͑c͒ shows the typical morphology of the used specimens in our experiments. The SWCNT rings show the diameter of about 100-200 nm. Some of the rings fell to the substrate ͑gray͒, while some adhered at the edge ͑bright͒. Moreover, as the compared case, the variable temperature Raman spectra of the linear-structure SWCNTs were investigated under same experimental conditions, as shown in the supporting information.
Furthermore, the temperature-dependent frequencies of four RBM peaks of the nanotube rings are displayed in Fig.  2͑a͒ . Obviously, the temperature variations of each RBM frequency can be fitted well by a straight line. The inserted slope values clear show that the temperature coefficients of RBM Raman frequency shift ͑i.e., d / dT͒ are quite different. The RBM peak relative to CNT with the larger diameter has the larger frequency downshift. In order to further analyze the relation between the temperature coefficient of each RBM frequency and nanotube diameter, we normalized the temperature coefficients by 0 −1 d͑ − 0 ͒ / dT, where the diameter ͑d, nm͒ were determined by the relation of d = 224/ RBM , RBM is each RBM frequency at 300 K. The normalized temperature coefficient as a function of diameter was plotted in Fig. 2͑b͒ and it could be well fit by a quadratic curve. Figure 2͑c͒ shows the comparison of the temperatureinduced RBM frequency shift between the SWCNT rings and the linear-structure SWCNTs, which show the similar diameter at room temperature. It is noting that the temperature coefficient of RBM frequency shift for the SWCNT rings is much smaller than the linear SWCNTs, which indicates more stable thermal ability in the nanotube rings.
Several theories have been reported for explaining the reason of the temperature-induced RBM frequency shift in carbon nanotubes. According to the force constant model, 16 the RBM frequency of SWCNTs can be expressed as
where ␣ C-C is the carbon-carbon bond length, m is the mass of carbon atom, and d is the diameter of nanotube. ⌽ denotes the C-C bond-stretching force constant, and can be expressed as
where r ͑i͒ is the C-C bond-stretching force constant between carbon atom and the its nearest neighbor. In this model, it is easy to know that RBM frequency has a close relation with the C-C bond length, nanotube diameter and the force constant. Furthermore, our experimental temperatures ͑up to 550 K͒ are sufficiently below the Debye temperature of the graphite layer ͑2500 K͒, the thermal expansion coefficient of ␣ C-C is extremely small and has very small contribution to the RBM frequency. 17 The change in the diameter of the nanotube d also can be neglected in our temperature range. 18 Therefore, the temperature-dependent force constant should play the main role for the RBM frequency shift of the SWCNT rings. It is easy to expect that the C-C bondstretching force constant should decrease with the temperature increasing, due to the softened C-C bond at the higher temperature. In our above observation, the smaller RBM Raman frequencies downshift for the small diameter nanotubes means the smaller temperature dependence of the force constants for the smaller nanotubes inside the SWCNT rings. Moreover, nanotube ring can be considered as bending a straight nanotube bundles elastically and closing upon itself by van der Waals interaction. Therefore, the annular geometry of nanotube ring induces the change of C-C bond conformation along the ring circumference, including the C-C bond-uniaxial elongation and compression. Furthermore, the high bending strain energy should make the softening of the C-C bond more difficult, which means the C-C bond stretching force constant for the nanotube rings has less dependence on temperature compared to the straight nanotubes. Therefore, the temperature coefficient of RBM frequency shift for the SWCNT rings is much smaller than the linearstructure nanotubes in our investigations.
We also carried similar analyses on the three GM peaks of the SWCNT rings, as shown in Fig. 3͑a͒-3͑c͒ . It is found that these GM frequencies exhibit nonlinear decrease with increasing temperature, which can be fitted well by three second-order curves. The temperature coefficients of the three GM frequencies shift are shown as the insert data, and there no remarkable different between these values. In terms of the theoretic studies, 19, 20 the anharmonic term in Lagrangian for the lattice vibrating of carbon nanotube could make its Raman shift have a linear ͑T͒ and second-order ͑T 2 ͒ relation with temperature, and the temperature dependence of Raman frequency shift could be well represented by the following relation:
where 0 is the frequency when temperature is extrapolated to 0 K, and ␣ 1 and ␣ 2 are the first-and second-order T coefficients, respectively. However, in our obtained results, we found that the RBM frequencies of SWCNT rings show the linear relation with temperature, while the GM frequencies have better fitted the temperature dependence with the second-order rather than linear formula. This suggests that third-and fourth-order anharmonic terms in the lattice potential energy of the nanotube rings, which determine the second-order coefficient 2 in Eq. ͑3͒, have play a role in the temperature-dependent GM peaks shift, even though this anharmonic contribution is quite small due to the sample temperature far below the Debye temperature of the graphite. 21, 22 Further confirmation could be expected in the full width at half maximum ͑FWHM͒ of GM peaks, because the FWHM sensitively changes with temperature due to the contribution of anharmonic terms. Figure 3͑d͒ shows the FWHM dependence of the G peaks on the temperature for the SWCNT rings. It is observed that there have no remarkable changes in the FWHM when temperature below 400 K while the FWHM increase quickly with temperature increasing from 400 to 500 K, which indicates the third-and fourth-order anharmonic terms play an obvious effect for the nanotube ring's GM Raman frequency only when the specimens temperature is above 400 K. Figure 3͑e͒ shows the comparison of the temperature-induced GM frequency shift between the SWCNT rings and the linear-structure SWCNTs. It indicates that the temperature coefficient of GM Raman frequency shift for the SWCNT rings is smaller than the linear SWCNTs. This further confirms the SWCNT rings have more stable thermal properties due to the bending strain along the ring curvature.
In conclusion, we have presented experimental results describing the temperature variation in the Raman spectra of SWCNT rings, as well as compared with those of linearstructure nanotubes. We found that the frequency decreases with increasing temperature for RBM and GM peaks of the nanotube rings. Furthermore, the observed spectra indicated that the temperature coefficients of the RBM and GM frequencies in the nanotube rings are much smaller than those of the linear nanotubes, which are ascribe to the high bending strain along the nanotube rings induced by the ring curvature. The good thermal stability of SWCNT rings should give advantage for building up the next generation nanometer-scale electric circuits. 
